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Introduction {#sec001}
============

Atrial fibrillation (AF) is a common clinical arrhythmia. It can have various hemodynamic consequences. Excessive heart rate, loss of left atrial kick, and heart rhythm irregularity can all impair the cardiac performance \[[@pone.0165241.ref001]--[@pone.0165241.ref003]\]. Moreover, the ensuing beat-to-beat variations in the systemic blood pressure can dysregulate cardiovascular autonomic modulations and autoregulation of blood flow in central organs \[[@pone.0165241.ref004]--[@pone.0165241.ref006]\]. However, little is known about the individual role of each of these hemodynamic consequences of AF and their clinical implications in different patient populations. One of the reasons is the absence of an appropriate hemodynamic model of AF.

We developed a new pacing-based method for simulation of the hemodynamics in AF in vivo. Compared to previously used methods \[[@pone.0165241.ref002]--[@pone.0165241.ref004], [@pone.0165241.ref007], [@pone.0165241.ref008]\], our method is applicable to any patient population, uses more physiological His pacing, allows to reproduce virtually any RR interval pattern recorded from a patient with AF, and allows to individually scrutinize diverse hemodynamic aspects of AF.

In this study we evaluated the feasibility of the method by assessment of the left ventricular (LV) performance during the simulated AF and during regular pacing with matched heart rate. We also evaluated reproducibility of the method by repeated assessment of the LV performance in the same patients.

Materials and Methods {#sec002}
=====================

Principle of the AF simulation {#sec003}
------------------------------

[Fig 1](#pone.0165241.g001){ref-type="fig"} outlines the principle of the AF simulation. A microcomputer with an analog output (Arduino Due, Arduino, Italy) was connected to an analog ECG input (sensing channel) of an external cardiac stimulator (MicroPace III, Micropace EP, USA). The microcomputer was programmed to generate square-wave pulses (2 V / 20 ms) in a cadence dictated by a preloaded sequence of irregular RR intervals (preparation of the RR-intervals is described in the Pacing protocol). The cardiac stimulator was programmed to pace with an output of \~10 V instantaneously after each of the sensed pulses, thus reproducing the template RR-intervals. Patients were paced by standard electrophysiology catheters simultaneously from the coronary sinus (thereby activating the left atrium) and from the area of the His bundle in the right ventricle.

![General principle of the method for simulation of AF.\
(A) QRS complexes were identified in an Holter ECG recording of AF to obtain a text string of the corresponding RR intervals. (B) The sequence of RR intervals was loaded to an Arduino-based microcomputer. The microcomputer generated square-wave pulses according to the RR interval sequence. (C) The pulses from the microcomputer were sensed by a cardiac stimulator, which was set to a sense-pace mode. (D) Pacing was performed by catheters in the coronary sinsus (i.e., left atrial pacing) and at the His bundle region. A pigtail cathter was inserted antegradely to measure the LV pressure.](pone.0165241.g001){#pone.0165241.g001}

Study population {#sec004}
----------------

Feasibility of the AF simulation was tested in 10 patients without structural heart disease who were undergoing catheter ablation for paroxysmal AF ([Table 1](#pone.0165241.t001){ref-type="table"}). The sample power was estimated based on the previous studies \[[@pone.0165241.ref003], [@pone.0165241.ref007]\]. The pacing protocol was conducted at the end of the ablation procedure after verifying a stable sinus rhythm. The patients remained under conscious sedation with infusion of midazolam and boluses of fentanyl. Chronic medication was withheld on the day of the procedure. The study was approved by institutional ethics committee (The Ethics Committee of the Institute of Clinical and Experimental Medicine, Prague, Czech Republic, \#845/14) and all the patients gave written consent with the investigation.

10.1371/journal.pone.0165241.t001

###### Characteristics of the study population.

![](pone.0165241.t001){#pone.0165241.t001g}

                                       n = 10
  ------------------------------------ ---------
  **Age, years**                       59 ± 4
  **Male gender, n**                   8
  **CHA2DS2-VASc**                     1.5 ± 1
  **LV ejection fraction, %**          57 ± 3
  **Left atrial volme index, ml/m2**   40 ± 9
  **Betablockers, n**                  6
  **Antiarrhythmic drugs, n**          4
  **Heart rate at rest**               61 ± 12

LV = left ventricular

Cardiac catheterization {#sec005}
-----------------------

Our method of AF ablation and the catheter setup were described in detail elsewhere \[[@pone.0165241.ref009]\]. Using transfemoral approach, a decapolar catheter for the left atrial pacing was inserted in to the coronary sinus, a steerable mapping catheter for the His pacing was introduced to the right ventricle, and a 6-F fluid-filled pigtail catheter for measurement of the LV pressure was advanced antegradelly to the LV cavity.

The region of the His bundle was first systematically probed by pace-mapping, to ensure stable capture of the conduction system. The catheter position was adjusted to produce QRS complexes that morphologically best resembled the patient's native QRS complexes. The selected pacing site was tagged on the 3D electroanatomic map (CARTO, Biosense Webster, Israel) to ensure finding of the identical site in case of incidental catheter dislodgement. The catheter-tissue contact was monitored continuously by inspection of local electrograms and QRS morphology.

Pacing protocol {#sec006}
---------------

The patients were paced at a mean heart rate of 90/min and 130/min in three 2-minute sequences: regular atrial pacing, regular simultaneous AV pacing, and simulated AF which was represented by the irregular simultaneous AV pacing. The irregular RR-interval sequences were obtained as text files from an open database of processed ECG recordings of patients with AF (The Long-Term AF Database at [PhysioNet.org](http://PhysioNet.org) \[[@pone.0165241.ref010]\]). The text files were scanned by a purpose-made program to look-up representative episodes of AF with the desired mean heart rate and duration ([Fig 2](#pone.0165241.g002){ref-type="fig"}). The order of the sequences was randomized for every patient. Each sequence was preceded by an uninterrupted 30-second stabilization period of regular pacing at the same rate--this period was excluded from the hemodynamic analyzes. To assess the intra-individual reproducibility, the whole pacing protocol was repeated after a resting period of 2--3 minutes.

![Characteristics of the template AF sequences.\
The figure shows histograms of the RR intervals and of the absolute differences of the subsequent RR intervals that were contained in the template AF sequences. It can be seen that both sequences contained a broad range of homogenously distributed RR intervals, which enabled to study the effects of heart rhythm irregularity. The dark bars represent mean cycle length (667 ms and 462 ms---i.e., 90/min and 130/min, respectively).](pone.0165241.g002){#pone.0165241.g002}

Data analysis {#sec007}
-------------

The LV pressure signal and standard ECG leads were recorded at 1 kHz using a data acquisition device (PowerLab 16/35, ADInstruments, UK). The recordings were analyzed offline in a dedicated software (LabChart 7, ADInstruments). Statistical analyses were conducted in R ([www.R-project.org](http://www.R-project.org/)). Data are reported as mean ± standard deviation. P-values \<0.05 were regarded significant.

LV systolic pressure, enddiastolic pressure, maximum dP/dt, and Tau were determined beat-by-beat, and the values were averaged over each entire sequence. Estimated error of our catheter system for the measurement of the first derivate of the LV pressure was \<10% \[[@pone.0165241.ref011], [@pone.0165241.ref012]\]. The averaged hemodynamic indices were compared between regular atrial pacing and regular simultaneous AV pacing (to evaluate the impact of lost atrial kick), between regular simultaneous AV pacing and simulated AF (to evaluate the impact of heart rhythm irregularity), and between the slower and the faster atrial pacing (to evaluate the impact of a fast heart rate) using a paired t-test with Holm's correction for repeated measurements \[[@pone.0165241.ref013]\].

Intra-individual reproducibility of the averaged hemodynamic indices during repeated AF simulation was evaluated by a paired t-test. Beat-by-beat reproducibility of the LV systolic pressure was evaluated by the Pearson's correlation of pooled data from all patients at both heart rates. At last, QRS complexes were identified by combination of amplitude and derivative criteria, and the average width of the paced QRS complexes was compared by a paired t-test with the width of native QRS.

Results {#sec008}
=======

The study protocol was completed in all patients without procedural complications. [Fig 3](#pone.0165241.g003){ref-type="fig"} shows a 10-second sample of the ECG with matched LV pressure signal recorded during the simulated AF in each of the patients. It can be seen that the irregular AF pacing generated beat-by-beat variations in the LV systolic pressure which resembled the variability of the systolic pressure that occurs in a real AF. Pacing by the same sequence produced similar LV pressure waveforms among all the patients and almost identical LV pressure waveforms within each individual patient. Notably, the paced QRS complexes remained relatively narrow in all the patients (paced vs. native QRS, 126 ± 11 vs. 97 ± 8 ms, p\<0.001).

![Sample of ECG with corresponding LV pressure signal during simulated AF.\
The figure shows a 10s sample of ECG and a corresponding LV pressure tracing recorded in all the study patients during two separate runs of the simulated AF. It can be appreciated that (i) the His pacing generated narrow QRS complexes thus indicating intrinsic activation of the ventricles, (ii) the RR intervals followed the same pattern in all the patients at both runs, (iii) the simulated AF generated similar LV pressure tracings among all the patients, (iv) the LV pressure tracings were almost identical within each patient at the two separate runs. Pt = patient.](pone.0165241.g003){#pone.0165241.g003}

[Table 2](#pone.0165241.t002){ref-type="table"} and [Fig 4](#pone.0165241.g004){ref-type="fig"} show the impact of the various hemodynamic components of the simulated AF on the LV performance. The loss of the left atrial contribution to the LV filling caused significant decrease in the LV systolic pressure and dP/dt~Max~ (at both heart rates) but it did not significantly affect the LV enddiastolic pressure or Tau. The irregularity of the heart rhythm itself significantly impaired both the systolic and diastolic LV function, though the dP/dt ~Max~ decreased only at the higher heart rates. The fast heart rate caused significant decrease in the systolic pressure but it did not affect any other LV hemodynamic characteristics. Compared to atrial pacing, the simulated AF significantly impaired all the LV hemodynamic characteristic at both heart rates. At last, [Fig 5](#pone.0165241.g005){ref-type="fig"} shows that two separate runs of AF simulation by the same sequence could reproduce similar LV hemodynamics.

![Effect of the simulated AF on the LV performance.\
The colored lines represent average values in the individual patients during three different pacing modes (atrial regular \[reg\], simultaneous atrioventricular \[AV\], simulated AF \[AF\]) at two different heart rates (90/min and 130/min). The black line with the errorbars represents mean and standard errors. \*/\*\*/\*\*\* = P-value \<0.5/\<0.01/\<0.001 by paired t-test with Holm's correction; n.s. = non-significant difference (P-value \> 0.5);](pone.0165241.g004){#pone.0165241.g004}

![Reproducibility of the LV hemodynamics during two separate runs of simulated AF.\
(A) The colored lines represent average values in the individual patients obtained at two separate runs of the simulated AF. The black line with the errorbars represent mean and standard errors of all the patients. The p values were obtained by a paired t-test. (B) The graph shows excellent correlation between LV systolic pressure measured in the same patient during two separate runs of simulated AF. The data points were pooled from all the patients.](pone.0165241.g005){#pone.0165241.g005}

10.1371/journal.pone.0165241.t002

###### Effect of the simulated AF on the LV performance.

![](pone.0165241.t002){#pone.0165241.t002g}

  N = 10                            Pacing mode   Relative differences                                       
  --------------------------------- ------------- ---------------------- ------------ ----------- ---------- ---------------
  **HR 90/min**                                                                                              
  **Systolic BP (mmHg)**            144 ± 16      139 ± 14               132 ± 16     -3% \*\*    -6% \*     -9% \*\*
  **dP/dT**~**Max**~ **(mmHg/s)**   2027 ± 324    1842 ± 354             1869 ± 352   -9% \*      2%         -8% \*
  **EDP (mmHg)**                    12 ± 4        12 ± 4                 16 ± 4       -2%         37% \*\*   35% \*\*
  **Tau (ms)**                      40 ± 12       40 ± 11                58 ± 12      0%          45% \*\*   45% \*\*
  **HR 130/min**                                                                                             
  **Systolic BP (mmHg)**            142 ± 21      127 ± 16               118 ± 18     -11% \*\*   -7% \*     -17% \*\*\*
  **dP/dT**~**Max**~ **(mmHg/s)**   2280 ± 503    2029 ± 415             1832 ± 426   -11% \*     -10% \*    \- 20% \*\*\*
  **EDP (mmHg)**                    13 ± 4        14 ± 5                 20 ± 6       6%          44% \*     52% \*\*\*
  **Tau (ms)**                      43 ± 13       43 ± 14                68 ± 15      0%          56% \*\*   56% \*\*

\*/\*\*/\*\*\* = P-value \<0.5/\<0.01/\<0.001 by paired t-test with Holm's correction. AF = simulated atrial fibrillation, AV pacing = simultaneous atrioventricular pacing (from the coronary sinus and the His bundle), BP = blood pressure, reg. = regular pacing.

Discussion {#sec009}
==========

We have demonstrated hemodynamic feasibility and reproducibility of a novel method for simulation of acute hemodynamics during human AF. The method has three key features: First, custom series of RR intervals---which can be obtained by processing of a real AF recording or created from scratch in a text editor---can be accurately reproduced by pacing in other individuals. This enables a rigorous study of the individual hemodynamic effects of an excessive heart rate and ventricular rhythm irregularity. Second, the His bundle pacing approximates an intrinsic ventricular depolarization, thereby allowing an unbiased study of the cardiac performance \[[@pone.0165241.ref014]\]. Finally, the simultaneous AV pacing suppresses an unpredictable hemodynamic impact of dissociated sinus rhythm and at the same time obliviates the atrial contribution to the ventricular filling, analogically to AF. This allows to study the impact of the lost atrial contraction in various clinical settings.

Previously used hemodynamic models of AF {#sec010}
----------------------------------------

Previous studies investigated the hemodynamics in AF mainly by performing measurements before and after a cardioversion to sinus rhythm \[[@pone.0165241.ref015], [@pone.0165241.ref016]\]. This approach only allowed assessment of the gross differences between both rhythms.

Daud et al. studied the effects of the irregularity of the ventricular rhythm on the cardiac output by comparing regular pacing with pacing by a loop of five extrastimuli with variable cycle length \[[@pone.0165241.ref003]\]. Of note, commercially available cardiac stimulators usually do not permit to set a longer loop. Such short repetitive sequences, however, were unable to mimic the heart rate variability of a real AF.

Melenovsky et al. used a specially designed external stimulator which delivered random pulses through exposed electrodes of a biventricular pacemaker \[[@pone.0165241.ref007]\]. The biventricular pacing prevented the acute reduction of the left ventricular function that occurs during right ventricular pacing \[[@pone.0165241.ref017]\], thus allowing an unbiased study of the cardiac performance. However, this approach was obviously applicable only to the patients indicated for resynchronization therapy.

Our method was in part inspired by the studies of Clark et al. and Segerson et al. \[[@pone.0165241.ref002], [@pone.0165241.ref004]\]. The authors triggered a cardiac stimulator by a playback of an audio recording of a sequence of irregular RR intervals, which was either computer-generated or recorded from a patient with AF \[[@pone.0165241.ref002]\]. Finally, Obel et al. used a programmable external transcutaneous stimulator that triggered an indwelling pacemaker set to a sense-pace (VVT) mode \[[@pone.0165241.ref008]\]. Unfortunately, the details about the device have not been revealed.

Our method does not require any special hardware but a low-cost (\~40 USD) microcomputer based on the wide-spread Arduino platform. Setting-up of the device does not require a deep knowledge of engineering. The series of RR intervals can be adjusted according to the needs in a common text editor and subsequently simply copy-pasted as a string array to the control software. This feature provides a particularly productive framework when combined with a database of annotated ECG recordings such as the PhysioNet \[[@pone.0165241.ref010]\]. Our method is not limited to the patients with a sustained AF, complete AV block or implanted pacemaker but it can be applied in all the patients that do not have general contraindications to cardiac catheterization. Finally and most importantly, our model generated meaningful changes in the LV hemodynamics, which were in agreement with the observations found in the previous studies \[[@pone.0165241.ref002], [@pone.0165241.ref003], [@pone.0165241.ref007]\].

Study implications {#sec011}
------------------

Our hemodynamic model of AF provides broad opportunities for studying various hemodynamic consequences of AF. For example, it can be exploited to identify which of the attributes of an AF---the fast heart rate, the irregularity of the rhythm or the loss of the atrial contraction---has the dominant role in a particular clinical setting. Such studies could provide data for future tailoring of patient-specific therapeutic strategies: rhythm control by drugs or catheter ablation versus rate control by drugs or AV junction ablation. Also, the hemodynamic model can be used to investigate whether the beat-to-beat variations in the blood pressure that occur in AF can disturb baroreflex or perfusion of organs, in which the blood flow is closely auto-regulated in response to the instantaneous perfusion pressure--particularly in the brain, kidney and myocardium.

Limitations {#sec012}
-----------

An inherent limitation of our method is that the paced sequence must be always faster than the patients's intrinsic heart rate. Although all study participants fulfilled this condition, some other individuals might need bradycardizing medication during the experiment. Our model of AF would have been even more realistic by pacing independently from the His bundle and at the same time rapid random pacing from the coronary sinus in order to completely abolish the atrial contraction. However, such setup would require a complete AV block or significant bradycardia induced by administration of AV-nodal blocking agents. Moreover, rapid pacing from the coronary sinus could induce AF and thereby compromise the experiment.

The hemodynamic feasibility of our AF model could be even better demonstrated if we reproduced LV hemodynamics assessed during the patient's own AF. This would require additional measurements and on-line processing of the ECG recordings. Regrettably, such study protocol was not permitted by our institution's Ethical Committee as it would significantly prolong the whole ablation procedure. On the other hand, the advantage of our protocol was that it allowed to evaluate the inter-individual reproducibility of the LV hemodynamics and, more importantly, it allowed to control the heart rate and heart rhythm irregularity. At last, our model of AF enabled to study only acute changes in the hemodynamics.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: **Conceptualization:** MS DW.**Formal analysis:** MS.**Funding acquisition:** JK.**Investigation:** MS DW.**Methodology:** MS DW.**Resources:** JK.**Software:** MS.**Supervision:** JK.**Visualization:** MS.**Writing -- original draft:** MS.**Writing -- review & editing:** DW JK.
